Proline accumulation in Escherichia coli is mediated by three proline porters. Proline catabolism is effected by proline porter I (PPI) and proline/A1 -pyrroline carboxylate dehydrogenase. Proline did not accumulate cytoplasmically when E. coli was subjected to osmotic stress in minimal salts medium. Although PPI is induced when proline is provided as carbon or nitrogen source, its activity decreased following growth of the bacteria in minimal salts medium of high osmotic strength. Proline dehydrogenase was induced by proline in low or high osmotic strength media. Proline porter I1 (PPII) was both activated and induced in osmotically stressed bacteria, though the dependencies of the two responses on medium osmolarity differed. Osmotic downshift during the transport measurement decreased the uptake of proline, serine and glutamine by bacteria cultured in media of high osmotic strength. Thus, while osmotic upshift caused specific activation of PPII, osmotic downshift caused a non-specific reduction in amino acid uptake. Glycine betaine inhibited the uptake of [ 14C]proline via PPII and PPIII but not via PPI. The dependence of that inhibition on glycine betaine concentration was similar when PPII was uninduced, induced or activated by osmotic stress, or induced by amino acid limited growth. Thus PPII and PPIII, not PPI, contribute to the mechanism of osmoprotection by proline and glycine betaine. The tendency for exogenous proline to accumulate in the cytoplasm of bacteria exposed to osmotic stress would, however, be countered by increased proline catabolism.
detected little change in the proline pool of S. typhimurium during growth in minimal medium plus 0.65 M-NaCl.
Cytoplasmic solutes are likely to provide osmoprotection in two ways. They may provide osmotic balance, preventing dehydration of the cytoplasm in response to high concentrations of solutes that remain extracellular (Measures, 1975) . In addition, they may protect cellular macromolecules from denaturation by permeant osmolytes or by ions such as K+ that are accumulated to provide osmotic balance (Somero, 1986; Sutherland et al., 1986) . Arakawa & Timasheff (1 985) have demonstrated that proteins are preferentially hydrated in aqueous solutions that include certain organic solutes. That thermodynamic effect, which stabilizes the native, highly folded conformations of the proteins examined, is characteristic of polyols, amino acids and amino acid derivatives that are known to be osmoprotective. Proline and glycine betaine are equally effective stabilizers by that criterion. Efforts have been made to demonstrate specific enzyme activation by compatible solutes in vitro (Bowlus & Somero, 1979) . Pollard & Wyn Jones (1979) , examining the inhibition of barley leaf malate dehydrogenase by NaC1, showed that the protective effects of N-methylated glycine derivatives were directly proportional to their degree of methylation. Glycine betaine, which yielded the greatest stimulation of enzyme activity among the solutes tested, was slightly more protective than proline. However, as in most other studies, neither compound restored full enzymic activity.
On the basis of the cited studies we expected that proline and glycine betaine would be similarly osmoprotective when accumulated to the same cytoplasmic concentration. In some cases, however, glycine betaine and proline betaine have shown significantly greater osmoprotective capacity than proline (Cairney et al., 19856; Le Rudulier & Bouillard, 1983; Le Rudulier et al., 1984a) . We have assessed the influence of the proline catabolic enzymes proline porter I (PPI) and proline/Al-pyrroline carboxylate dehydrogenase (EC 1 .5.99.8) on proline accumulation in response to osmotic stress in E. coli. We have also compared the specificities of the known proline transport systems, proline porters I, I1 and 111, for proline and glycine betaine. Our studies suggest that the greater osmoprotective ability of glycine betaine than of proline reflects a corresponding difference in the capacity of the bacteria for their accumulation.
METHODS

Materials. L-[ I4C]
Proline was purchased from ICN Radiochemicals (Irvine, Calif., USA) or New England Nuclear. The radiochemical purity of each batch was examined by thin layer chromatography followed by autoradiography (Wood & Zadworny, 1979) . The solvent systems used were phenol/water (3: 1, w/v) and butanol/acetic acid/water (5 :4 : 1, by vol.). All other reagents were from previously described sources and culture media were prepared as previously described (Wood & Zadworny, 1980) except for Proline Bioassay Medium (Takara Kohsan Co. Ltd Tokyo, Japan). The culture media used were LB broth (Miller, 1972) and the MOPS medium described by Neidhardt et al. (1974) . MOPS medium contained 9.5 mhi-NH,CI as nitrogen source and was additionally supplemented with 50 pg L-tryptophan ml-1 and 1 pg thiamin hydrochloride ml-l to meet auxotrophic requirements unless otherwise indicated. DGlucose (2 mg ml-I) was provided in solid media and Dfructose (2 mg ml-I) was provided in liquid media as carbon source.
Strains. The bacterial strains used in this study, all derivatives of E. coli K 12, are listed in Table 1 . Genetic manipulations were done as described by Miller (1972) . Bacterial phenotypes were determined as described previously (Wood, 1981 ; Grothe et al., 1986; Miller, 1972) .
Transport measurements. Bacterial cultures were prepared for transport measurements as previously described (Grothe et al., 1986) . The level of osmotic stress present during growth was maintained during cell harvesting, resuspension and the transport assay by supplementing the solutions with the appropriate level of osmolyte as indicated in Results. Amino acid uptake was measured using a filtration assay which was initiated by the addition of radioactive substrate, as follows: ~-[~~C]proline, 20 phi, 25 pCi pmol-1 (925 kBq pmol-I), or 200 p~, 10 pCi pmol-I (370 kBq pmol-I) as indicated; ~-[I~C]serine 20 phi, 25 pCi pmol-l (925 kBq pmol-I); and L-[I4Clglutamine, 20 phi, 25 pCi pmol-I (925 kBq pmol-I). Samples were withdrawn and filtered on Millipore filters (type HA; 0-45 pm pore size) at 15,30 and 45 s following initiation of the assay. Each filter was washed once with unsupplemented MOPS medium (Grothe et al., 1986) with osmolyte added as indicated. Filters were dried and radioactivity was measured as described previously (Wood & Zadworny, 1979 Proline as an osmoprotectant and all experiments were done at least twice. Each set of replicate assays was used to determine the rate of amino acid uptake over the 15 to 45 s interval. The presence of a radioactive contaminant in some batches of L-[ 14C]proline, which was detectable by autoradiography after chromatography in the butanol/acetic acid/water but not the phenol/water system, correlated with an uptake component resistant to inhibition by unlabelled proline. That uptake component was particularly apparent in bacteria grown under conditions of osmotic stress (0-3 M-NaCl) (data not shown). The results of the chromatographic analysis and the absence of such an uptake component were used routinely as criteria for adequate radiochemical purity of the proline used.
Measurement of intracellular proline pools. Bacterial cultures were grown as described for transport measurements. A 10 ml sample of the culture was rapidly filtered on a Gelman filter (9 cm diameter, 0.45 pm pore size). The cells were extracted on the filter with 10 ml ice-cold 70% (v/v) ethanol; the filtrate was then collected and dried under a stream of nitrogen at 60 "C. The residue was resuspended in 1.0 ml of water and sterilized by filtration. The proline content was determined by bioassay using Pedwcoccus acidilactici ATCC 8081 (Leuconostoc citrouorum). The inoculum was prepared by inoculating 6 ml of Proline Bioassay Medium and incubating for 16 h at 30 "C, centrifuging the culture, and washing and resuspending in 0.85% (w/v) NaCl to 10 times the original volume. The prepared inoculum was stored at -70 "C with sodium alginate (0-1 % w/v) added as a cryoprotectant.
Samples of the cell extract were added to 1-5 ml of double-strength Proline Bioassay Medium. Water was added and the tubes were inoculated with 75pl of prepared inoculum to a final volume of 3.0ml. The mixture was incubated at 30 "C for 72 h. The optical density at 61 5 nm was compared with that produced by standard solutions of known proline concentrations.
Measurement of evolved 14C02. Bacterial cultures and the assay system were prepared as for transport measurements to a total volume of 1.0ml in a 10ml Erlenmeyer flask. The reaction was initiated by adding ['4C]proline and stopped after 10 min with 6 M-HCl. Evolved C 0 2 was captured in a 200 p1 phenylethylamine/ methanol (1 : 1 v/v) trap. The intact trap was placed in a vial with scintillation fluid (Wood & Zadworny, 1979) and I4CO2 was determined by scintillation counting.
Proline dehydrogenase activity. This was determined using toluenized bacteria and a modification of the 0-aminobenzaldehyde assay described previously (Wood, 198 1) . The 2.5 ml enzyme assay mixture contained toluenized bacteria (1 to 1.5 mg protein), L-proline (80 mM) and o-aminobenzaldehyde (4 m~) in unsupplemented MOPS medium (Grothe et al., 1986) .
Protein determinations. Protein concentrations were determined using a micro modification of the Lowry assay for protein (Peterson, 1977) . Bovine serum albumin was used as the standard.
RESULTS
Proline accumulation in response to osmotic stress When E. coli strain CSH4 (putA+putP+proP+proU+) was cultivated in minimal salts medium, the proline content increased from 3.5 f 0-9 nmol (mg protein)-' in the absence of osmotic stress to 5.2 f 1.7 and 8-7 & 1.7 nmol (mg protein)-' when osmotic stress was imposed by adding NaCl and sucrose, respectively, at 0.3 M. When all known proline transport and catabolic functions were eliminated (E. coli strain WG203, putA putPproP proU) the corresponding contents were not significantly different: 4.3 f 0.9 nmol (mg protein)-' with no stress; 6.1 f 1.7 nmol (mg protein)-' when stress was imposed by 0.3 M-NaCl; and 7.0 f 0.9 nmol (mg protein)-' when stress was imposed by 0.3 M-sucrose. Csonka (1981) showed that glutamate and glutamine, not proline, accumulated when S. typhimurium was subjected to osmotic stress (0.65 M-NaCl) during growth in defined medium. The glutamate content was 290 nmol (mg protein)-', more than an order of magnitude higher than the reported proline contents. As glutamate is the biosynthetic precursor for proline, the small increase in proline content observed when osmotic stress is imposed in minimal salts medium may reflect osmotic stimulation of glutamate biosynthesis without modulation of the proline biosynthetic pathway. The low proline contents could also reflect a futile cycle of proline biosynthesis and catabolism. Thus the similarity in proline pools between strains CSH4 and WG203 could result from the absence of increased proline synthesis or from opposite and balanced effects of transport and catabolism on proline accumulation.
Influence of the proline catabolic enzymes on proline accumulation
PPI is a Na+/proline symport system with a high affinity and specificity for proline (Wood, 1981 ; Wood & Zadworny, 1979; Chen et al., 1985) . PPI and proline/A'-pyrroline carboxylate dehydrogenase, encoded in genes putP and putA respectively, constitute a system for aerobic proline catabolism. The putP and putA loci are adjacent and divergently transcribed from a common regulatory region (Menzel & Roth, 1981; Wood, 1981) . In addition to its enzymic function, the PutA protein serves as a repressor that regulates expression of the put genes in response to the inducer L-proline. Expression of putP is therefore constitutive in putA deletion and insertion mutants (Menzel & Roth, 1981; Wood, 1981) . We have isolated E. coli strains defective at the prop and proU loci (Table 1) in order to examine the response of the proline catabolic enzyme system to osmotic stress.
We showed previously that expression of proline dehydrogenase is apparently constitutive in E. coli strains with uncontrolled proline biosynthesis (Rancourt et al., 1984) . Induction of proline dehydrogenase might therefore be expected in response to elevation of cytoplasmic proline contents during aerobic osmotic stress. No induction of proline dehydrogenase was observed when strains CSH4 (putA+putP+proP+proU+) and WG226 (putA+putP+proP proU) were cultivated in minimal salts medium supplemented with 0.3 M-sucrose (Table 2) . Induction was observed, however, when proline was added to the same medium in the presence or absence of sucrose. Thus proline catabolism is not induced by osmotic stress, and induction of proline dehydrogenase by proline does occur during osmotic stress imposed by sucrose. Similar effects were observed when NaCl was used as an osmolyte (data not shown). These results suggest that the failure of proline to accumulate when E. coli is cultivated in minimal salts media of high osmotic strength without exogenous proline is not a consequence of futile cycling. Induction of putA gene expression did occur during osmotic stress, however, so proline supplied as an exogenous osmoprotectant would be subject to catabolism.
Like proline dehydrogenase, PPI was not induced in response to osmotic stress (Table 2) . PPI activity decreased when osmotic stress was imposed on bacteria retaining or lacking the PutA protein (Table 2; Grothe et al., 1986) . The decrease in PPI activity was masked by induction of PPII and PPIII in strain CSH4; the proline uptake activity of strain WG210 (putA putPproP+ proU) was 5.2 (SD 0.2) nmol min-l (mg protein)-' when proline was provided at 20 pM with 0.3 M-sucrose present during both growth and the transport assay. Limited induction of PPI by proline occurred in the putA+ strains CSH4 and WG226, as expected (Wood & Zadworny, 1979; & Roth, 1983) . Surprisingly, 2-and 4-fold reductions in PPI activity were observed in strain WG227 (putA) when proline was added to growth media without and with 0.3 M-Sucrose, respectively.
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Transport is usually measured in putA strains so that catabolism of the substrate does not occur. To ensure that the low uptake activity of strains CSH4 and WG226 was not due to loss of the 14C-labelled substrate as 14C02, the amount of 14C02 evolved was determined under the conditions of the transport measurements described above. When strain CSH4 (putA+putP+ proP+proU+) was grown with proline (0-2%, w/v) replacing NH4Cl as nitrogen source to induce the proline catabolic enzymes, 14C02 equivalent to less than 1 nmol proline min-I (mg protein)-' was released. No evolved I4CO2 could be detected when the culture of strain WG226 was prepared in minimal medium supplemented with sucrose and the evolved 14C02 was measured.
These results suggest that the proline catabolic activity of the PutA protein would negate the proline uptake capacity of PPI as an. effector of proline accumulation when exogenous proline was provided and osmotic stress was imposed on E. coli strains retaining both functions.
Proline and glycine betaine as substrates for PPI, PPII and PPIII PPII was originally identified as an uptake system with a high apparent K,,, for proline, inactivated by mutations atprop, that was induced in bacteria whose growth rate was limited by amino acid supply (Anderson et al., Menzel & Roth, 1980; Stalmach et al., 1983) . PPIII was identified as a function, eliminated by mutations at proU, that contributed to the osmoprotective effects of exogenous proline (Csonka, 1982) . PPII and PPIII are now known to be osmoresponsive transport systems that mediate accumulation of both proline and glycine betaine in both E. coli (Perroud & Le Rudulier, 1985; Grothe et al., 1986; Barron et al., 1986; May et al., 1986) and S. typhimuriurn (Cairney et al., 1985a, 6 ). Cairney et al. (1985a, b) suggested that PPII is a proline uptake system in the absence of osmotic stress and a glycine betaine transport system when osmotic stress is imposed, whereas PPIII is a glycine betaine transport system with very low proline uptake activity that functions only under osmotic stress.
The increased activity of PPII and PPIII during osmotic stress was correlated with increased toxicity of the proline analogues ~-azetidine-2-carboxylic acid (AC) and 3,4-dehydroproline (DHP) (Csonka, 1982 ; Cairney et al., 1985a, 6; Gowrishankar, 1985; Grothe et al., 1986). We used AC sensitivity in the radial streak test and a series of E. coli strains in which proline/A1- Table 3 . Eflect of glycine betaine on proline uptake Bacteria were grown on MOPS medium supplemented with 245 pf-tryptophan. Both the growth medium and the assay medium were supplemented with 0.3 M-Sucrose. Proline uptake was measured as described in Methods. Glycine betaine was supplied at the indicated concentration. PPI activity was measured in strain WG227 (putA putP+proPproU) with proline supplied at 20 p. PPII activity was measured in strain WG210 (putA putPproP+proU), PPIII activity was measured in strain WG170 (putA putPproPproU+) and background activity was measured in strain WG203 (putA putPproP proU), all with proline supplied at 2 0 0~~. NT, Not tested. 
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NT NT 2.6 (0.9) NT pyrroline carboxylate dehydrogenase was absent and the proline porters were isolated (Table 1) to assess the relative specificities of the porters for proline and glycine betaine. Proline and glycine betaine, incorporated at 1 mM in solid medium supplemented with 0-3 M-NaCl, were equally effective in protecting strains WG210 (PPII only) and WG170 (PPIII only) from AC toxicity. In contrast, proline but not glycine betaine reduced AC toxicity in strains WG227 (PPI only) and JT31 (all porters present). We examined the effects of glycine betaine on the uptake of [ 14C]proline by the same series of strains (Table 3) . Proline uptake via PPI was not inhibited by glycine betaine even when the concentration ratio of glycine betaine to proline was 100. Although glycine betaine uptake has not been measured in bacteria retaining only PPI, these data are consistent with the conclusion (Cairney et al., 1985a ) that glycine betaine is not a substrate for that enzyme.
PPII can be both activated and induced by osmotic stress. A dramatic activation of PPII occurred in seconds without protein synthesis when bacteria grown in a medium of optimum osmolarity (Neidhardt et al., 1974) were shifted to a medium of higher osmotic strength (Grothe et al., 1986) . A 2-to 4-fold induction of the prop gene in response to osmotic stress has been observed with facZoperon fusions in E. coli and S. typhimurium (Gowrishankar, 1986; Dunlap & Csonka, 1985; Cairney et al., 1985~) . The effects of varying osmotic strength differ for the activation and induction of PPII. Optimum activation of PPII was attained between 0.12 and 0.25 M-NaCl (0-25 and 0.5 M-sucrose); the uptake activity observed was greater than 40 nmol min-l (mg protein)-' at the optimum and less than 10 nmol min-l (mg protein)-' at 0.5 M-NaCl (Grothe et al., 1986) . When strain WG210 was grown in media supplemented with 0 to 0.4 M-NaCl, PPII activity approached a maximum [approximately 45 nmol min-l (mg protein)-'], with activities close to that value observed in the presence of 0.2,0.3 or 0.4 M-NaCl (Fig. 1) . Thus, activation and induction of PPII depended differently on osmotic strength, and induction of PPII became clearly apparent at NaCl concentrations greater than 0-2 M. Proline uptakeictivity was eliminated in strains WG203(proU205) (Fig. 1) and WG258(A(proU)I) (data not shown) which lack the three proline porters. Serine and glutamine uptake by strains WG210 and WG203 were not altered by the prop mutation or by the increasing NaCl concentration when those substrates replaced proline in the titration experiment of Fig. 1 (data not shown) .
Cairney et af. (1985~) examined changes in proline and glycine betaine uptake via PPII in response to osmotic stress in S. typhimurium. The measured proline uptake rates were low since proline was provided at only 10 p~; glycine betaine was provided at 30 PM. Solute uptake was measured in growth and assay media with and without NaCl as supplementary osmolyte, so that shifts both up and down in osmotic strength of the medium occurred during the transport assay. They concluded that PPII specifically transports proline (not glycine betaine) at low osmolarity and glycine betaine (not proline) at high osmolarity. Further, the apparent K,,, of PPII for glycine betaine at high osmolarity was reported to be almost 10-fold lower than that previously reported (Anderson et al., 1980) for proline uptake via PPII at low osmolarity. When strains WG210 (proP+proU) and WG203 (proPproU), cultured in medium supplemented with 0-3 M-NaCl, were exposed to osmotic downshift in the transport assay the proline uptake rate by strain WG210 was reduced to the background level represented by strain WG203 ( Table 4) . The rates of glutamine and serine uptake by these strains decreased by 90 and 38%, respectively, in response to the same osmotic downshift. Thus unlike osmotic upshift, Table 5 . Spec$city of PPII is not osmotic stress dependent Bacteria were grown on MOPS minimal medium supplemented with 245 pi-tryptophan except for amino acid limited growth (Trp Lim) where tryptophan was supplied at 24.5 p~. The growth and assay media were supplemented with 0.3 M-NaCl as indicated. The proline uptake rate is given as the fraction of that observed in the absence of glycine betaine. The absolute proline uptake rate [nmol min-I (mg protein)-1] in the absence of glycine betaine is given in parentheses. Uptake rates by strain WG210 (purA putPproPproU) were corrected for background proline uptake by strain WG203 (putA putP proPproU) in the same experiment. Proline was supplied at 200 pM. ND, Not detectable.
Agent of stress
Relative proline uptake rate ( which specifically activated proline transport, osmotic downshift resulted in a non-specific decrease in amino acid transport. The failure of bacteria cultured in medium of high osmotic strength to accumulate proline when shifted to medium of low osmotic strength (Cairney er al., 1985a) cannot, therefore, be taken as an indicator of the specificity of PPII. The uptake of [14C]proline via PPII was inhibited by glycine betaine (Table 3) . In this experiment, proline uptake via PPII was reduced to 50% of the uninhibited rate when glycine betaine and proline were present at equal concentrations (200 VM) and to 15% of the uninhibited rate when the concentration ratio of glycine betaine to proline was 25. The sensitivity of proline uptake via PPII to glycine betaine inhibition was also examined in unstressed bacteria, after osmotic activation of PPII and following amino acid limited growth (Table 5 ). In each case the degree of inhibition of proline uptake by glycine betaine depended similarly on glycine betaine concentration. Thus, we detected no change in the substrate specificity of PPII as its activity was modulated by either activation or induction. Our results imply similar affinities of that system for proline and glycine betaine, but more extensive kinetic analysis will be required to establish this point unequivocally.
As noted previously, the proline uptake activity correlated with genetic locus proU (PPIII) was much lower than that of PPI or PPII (Grothe et al., 1986) . Activity was undetectable when glycine betaine was present at low concentration (Table 3 ). This result is consistent with the view that PPIII is a glycine betaine porter with low proline uptake activity (Dunlap & Csonka, 1985; Cairney et al., 19856: May et a/., 1986) .
D I S C U S S I O N
Our results provide insight regarding the roles of proline and glycine betaine as osmoprotectants and the role of PPII in the osmotic stress response of E. coli K 12. Proline pools were increased very little and the proline catabolic enzymes, PPI and proline dehydrogenase, were not induced when osmotic stress was imposed in the absence of exogenous proline. Conversely, both enzymes were induced when exogenous proline was provided in the presence or absence of osmotic stress toputA+putP+ bacteria (Table 2 ). These observations are consistent with that of Csonka (1981) , who showed that the osmoprotective effects of proline in S. typhimurium were not altered by a deletion mutation eliminating bothputA and putP. PPI would be expected to contribute to cytoplasmic proline accumulation whereas proline dehydrogenase would reduce proline pools.
The constitutive activity of PPI in putA bacteria was reduced after growth in the presence of proline with or without osmotic stress (Table 2 ). This surprising observation, which may reveal biochemical modulation of PPI activity, is also consistent with Csonka's observation that exogenous proline was equally osmoprotective in purA bacteria wild-type and defective in purP (Csonka, 198 1 ; Csonka, 1982) . The lack of impact of PPI on osmoprotection by proline would be surprising if the high, constitutive uptake activity usually observed for PPI were retained in the presence of osmotic stress and exogenous proline.
Our experiments (Tables 2, 3 , 4 and 5; Fig. 1 ) and those of other laboratories, summarized above, suggested that the maintenance of osmoprotective proline gradients in E. coli is mediated primarily by PPII and antagonized by the proline catabolic enzymes. Proline oxidation requires respiratory electron flow and proline utilization is very limited when nitrate or fumarate is provided to anaerobic cultures of E. coli (L. G. Baker & J. M. Wood, unpublished data). Thus, catabolism of proline accumulated in response to osmotic stress may be less significant physiologically than is implied by experiments done under the commonly used aerobic growth and reaction conditions. Induction of the proline catabolic enzymes of E. coli by proline under osmotic stress is in contrast to the repression of proline catabolism reported to occur in some higher plants under those conditions (Wyn Jones & Storey, 1981) .
Glycine betaine biosynthesis from exogenous choline, like choline and glycine betaine uptake, is stimulated by osmotic stress in E. coli (Landfald & Strom, 1986; Styrvold et al., 1986; May et al., 1986) . The maintenance of osmoprotective glycine betaine gradients is effected by PPII and by PPIII, an osmotically activated uptake system now reported to catalyse glycine betaine uptake more effectively than proline uptake (Cairney et al., 1985a, b; May et al., 1986) . Our results suggest that PPII has similar affinities for proline and glycine betaine (Tables 4 and 5), though Cairney et al. (1985a) concluded that PPII, like PPIII, had a higher affinity for glycine betaine than for proline in osmotically stressed bacteria. In either case, greater uptake capacity for glycine betaine (PPII plus PPIII) than for proline (primarily PPII) seems to be present in bacteria subjected to osmotic stress during growth. This difference and the induction of proline catabolism may be sufficient to explain the observed differences in osmoprotection by exogenous proline and glycine betaine (Cairney et al. PPII is both activated and induced by osmotic stress (Grothe et al., 1986 ; Fig. 1 ). Activation of PPII may provide a first line of defence against dehydration of the cytoplasm when proline or glycine betaine is available. In contrast, glycine betaine accumulation after induction of both PPII and PPIII may contribute to survival in the presence of acute and prolonged osmotic stress (Sutherland et al., 1986) . 
